INTRODUCTION
Many of the genes that control development and cellular differentiation encode transcription factors. Transcription factors often have one of a number of common motifs in their protein products, including homeoboxes (1), helix loop helices (2) , and zinc fingers (3, 4) . These domains bind to specific DNA sequences, while other domains of the protein effect function (5, 6) . The conservation of these protein domains and the DNA sequences encoding them has facilitated the isolation of potential developmental control genes by molecular cloning techniques.
The zinc finger is a conserved 28-30 amino acid motif first identified as a repeated unit of the Xenopus transcription factor TFIIIA (7, 8) . Individual zinc fingers of this class (C2H2) are characterized by paired cysteine and histidine residues at conserved positions, which coordinate a Zn 2+ and cause the intervening amino acids to loop out and form the secondary structure (9, 10) . A phenylalanine and a leucine also occupy conserved positions in each zinc finger, but it is three other amino acids within the structure that make specific contacts within the major groove of DNA (10, 11) . C 2 H 2 zinc fingers are usually present in tandem arrays, up to 37 units (12) , and show a high degree of conservation in six of the seven amino acids that typically link the zinc fingers with the consensus peptide sequence TGEKPY/F (13, 14) .
Zinc finger coding sequences have been found in a number of the genes that control Drosophila development. Mutants for the Drosophila gap gene Kriippel (15) lack all thoracic and several abdominal segments (16) , while another zinc finger encoding Drosophila gap gene, hunchback, controls development of head structures (17, 18) . The Drosophila genes serendipity /3 and serendipity 8, which result in an embryonic lethal phenotype when mutant, also contain zinc fingers (19) , as does ovo, a Drosophila gene that is required for the development of the female germ line (20) .
A role for zinc finger genes in the process of development in the mouse has not been demonstrated in vivo, but a number of zinc finger encoding genes display patterns of expression consistent with such a role. Most striking is the pattern of expression of Krox-20 in the early post-implantation embryo, where its expression exacdy corresponds to the boundaries of two neuromeres (21) , while in the adult transcripts are detected in the thymus, spleen, and testis (22) . Krox-20 protein has been shown to bind to sequences in the 5' flanking genomic region of the homeobox gene Hox 1.4 in vitro and can utilize this site to activate transcription in vitro (23) . The zinc finger encoding genes Zfy-1, Zfy-2, Zfp-29, Zjp-35 and Rex-1 also have sites of expression in the embryo as well as the adult mouse. In the adult mouse, expression of these genes is observed exclusively in the male germ cells, which suggests that these genes can potentially play a role in controlling the complex events of spermatogenesis (24, 25, 26, 27, 28, 29) .
Mouse spermatogenesis provides an interesting model system for studying genes that regulate development and differentiation within a particular cell lineage. The adult testis contains germ cells, undergoing mitosis, meiosis and the complex morphological changes of spermiogenesis as well as highly specialized somatic cells which surround the germ cells. Most of these various testicular cells and stages of their development can be studied using a number of established genetic, molecular, and cell separation techniques.
To begin to identify the role of transcription factors, particularly those of the zinc finger class, in controlling spermatogenesis, an adult mouse testis cDNA library was screened using oligonucleotides designed based on the amino acid sequence of the conserved hexapeptide that links C 2 H 2 zinc fingers (13, 14) . Reported here is the structure and pattern of expression of a cDNA that encodes a presumptive protein containing 12 zinc fingers. In the adult mouse expression was limited to the testis, where transcripts of 2.3 kb and 2.6 kb were detected. Low levels of a 4.0 kb mRNA were observed in mid-gestation embryo samples. Within the testis, expression was localized to cells that have completed meiosis, suggesting that this gene may be involved in controlling the complex morphogenetic process of spermiogenesis.
MATERIALS AND METHODS

Source of tissues and cells
Swiss Webster mice (Charles River, Wilmington, DE), were used as the source of adult tissues or cell populations for all experiments except those using the mouse mutant strains. Adult tissues were obtained from mice aged 3 to 6 weeks (w). For embryo collection, the day the vaginal plug was observed was day (d) 0.5 post coitum (p.c.) RNAs from testes of d7 post natal (p.n.) and dl7 p.n. mice (day of birth=dl) were obtained from C57/6J mice (generously provided by J. Lee, Columbia University). The mouse mutant strains atrichosis (at) (ATEB/Le a/a datldeb) and white spotting (W) (WBB6F1/J WIW) were obtained from The Jackson Laboratory (Bar Harbor, ME). Testicular cells were separated on a 2-4% BSA gradient as described by Wolgemuth et al. (30) . Pools of pachytene spermatocytes, round spermatids, and residual bodies and cytoplasmic fragments are isolated with typical purities of 73%, 81%, and 76% respectively. The preparations in these experiments contained higher levels of contaminating spermatid syncitia [estimated at 10-20% compared to the usual 5% (30) ] in the pachytene spermatocyte fractions. Dissected tissue specimens and cell populations were frozen in liquid nitrogen prior to RNA isolation. Probes Three oligonucleotides were designed based on the conserved amino acid sequence of the linker region of C 2 H 2 class zinc finger genes (13, 14) . These 21-mers were synthesized on an Applied Biosystems 380B DNA Synthesizer (Applied Bisosystems, Foster City, CA): ATA-CAT-ACC-GGC-G-AG-AAG-ACC, ATA-CAC-ACA-GGT-GAA-AAA-ACA, and ATC-CAC-ACT-GGA-GAG-AAA-ACC, were used to screen the initial cDNA library. An EcoRI fragment, free of zinc fingers, of a clone isolated from the initial library screening was subcloned into pBluescript KS(+), named Z91.0, and used for the subsequent library screening and expression studies.
Oligonucleotides were end-labeled with 32 (33) . Plaques were lifted onto nitrocellulose filters, and hybridized with ^P labeled zinc finger 21-mers at 55°. The filters were washed to a final stringency of 2xSSC (lxSSC: 150 mM NaCl/15 mM NaCitrate)/0.25% SDS at room temperature (RT) and exposed to autoradiographic film. Positives were subjected to two rounds of plaque purification. The cDNA inserts from isolated phages were subcloned into pTZ 19R (United States Biochemical, Cleveland, OH) or pBluescript KS(+) (Stratagene, La Jolla, CA). Southern hybridization analysis of the restricted phage X clones with the zinc finger 21-mers suggested that most of the released fragments contained zinc finger encoding sequences. Oligonucleotide probes specific for the testis-expressed zinc finger encoding genes 2fyl/2fy2 (24) , Krox-20 (13) , and mkr5 (14) did not hybridize with any of the isolated clones. One phage X clone, XZ9221, yielded two restriction fragments upon EcoRI digestion (Fig. 1) . The fragment which did not hybridize with the zinc finger 21-mers, Z91.0 ( Fig. 1) , was used to obtain three additional independent clones from an adult mouse total testis cDNA library (provided by D.L.Chapman, Columbia University) made in XZAP (Stratagene). l.Ox 10 6 recombinant plaques were lifted onto nitrocellulose filters and treated as described above. Hybridization was performed with 32 P multiprimed labeled Z91.0 essentially as described above but at 65° for 16-20 hours (h), then washed at a final stringency of 0.1 xSSC/0.1 % SDS at 65°. Plaque purified clones were in vivo excised according to the protocol provided by the manufacturer. The resulting plasmid contained the cDNA of interest inserted between the EcoRI and Xhol site of pBluescript SK(-).
DNA sequencing
Clones were sequenced using the double-stranded sequencing procedure for the Perkin Elmer Cetus AmpliTaq Sequencing Kit (Perkin-Elmer, Norwatk, CT) according to the manufacturer's protocol. DNA sequence analysis was also performed on an Applied Biosystems Model 373A DNA sequencer (Applied Bisosystems, Foster City, CA). Sequences were analyzed using IBI Sequence Analysis Program (34) and the Sequence Analysis for the VAX (35) .
RNA isolation and Northern blot hybridization analysis
Total RNA was isolated according to the method of Cathala et al. (36) or Auffray and Rougeon (37) . Poly(A) + RNA was selected by oligo dT cellulose chromatography according to Aviv and Leder (38) . RNA samples were electrophoresed on denaturing 0.8% agarose/2.2 M formaldehyde gels, blotted onto Nytran (Schleicher and Schuell, Keene, NH) membranes essentially according to Sambrook et al. (33) . Even loading of the samples was visualized by ethidium bromide staining. Hybridization with multiprime labeled DNA probe was essentially according to Sambrook et al. (33) . Blots were washed at a final stringency of 0.1 XSSC/0.1% SDS at 65°. Hybridization with riboprobe was performed according to Krumlauf et al. (39) . Filters were washed at a final stringency of 0.2xSSC/l% SDS at 80° for 1 -2 h. Filters were exposed to autoradiographic films with intensifying screens at -70° for 1 d to 1 w.
In situ hybridization experiments
In situ hybridization using 35 S radiolabeled RNA probes on sections of paraffin embedded tissues was done essentially as described by Jaffe et al. (40) . Following hybridization and washing, the slides were counter stained with hematoxylin and eosin, and coverslipped using Pro-texx mounting media (American Scientific Products, McGraw Park, IL). Photomicrographs were taken using Kodak Technical Pan film on a Leitz photomicroscope using bright field and epiluminesence optics.
RESULTS
A zinc finger gene expressed in the testis can encode a protein with 12 zinc fingers
The cDNAs diagrammed in Figure 1 were isolated from adult mouse total testis cDNA libraries using oligonucleotides designed against the sequence of the linker region of C 2 H 2 type zinc fingers (13, 14) as described in Materials and Methods. The sequence for the longest cDNA (XB211, Fig. 2 ) encoding the putative open reading frame is 1950 bp and includes a polyadenylation signal and poly(A) tail. Also present is an ATG, which is within a sequence that is in good agreement with the consensus translation initiation sequence for vertebrates (GCCRCCATGG) (41) , and an open reading frame of 1661 bp. Conceptual translation of this open reading frame yielded a protein of 553 amino acids with 12 zinc fingers of the C2H2 type. The zinc finger sequences, indicated by a box in Figure 2 and aligned in Figure 3 , are located in a tandem array in the 3' portion of the clone from base pair 749 to 1736. The original isolate (XZ9221) contains a 99 bp insertion relative to XB211 and XJ111 (Fig. 1) . This artifact contained a stop codon in frame between the ATG and the zinc finger encoding sequences. The insertion, which was present in the probe used in the present study, was not responsible for the hybridization to any of the transcripts detected by Northern analysis. Probes from regions of XZ9221 that did not include the 99 bp, as well as the first 444 bp of 5' sequence of XB211, detected the same transcripts as Z91.0 (data not shown).
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A partial cDNA sequence of 1434 bp (42) had been identified which showed 99.6% homology to the 3' region of XB211, including the zinc finger encoding sequences (Fig. 1 ). This cDNA was smaller than any cDNAs isolated and any transcripts detected in the present study. transcript detected with probes from XB211 is 2.3 kb (see below) indicates that XB211, not the previously reported cDNA clone (42) , is the more complete cDNA. The zinc finger encoding gene represented by this cDNA (XB211) and that of Nelki et al. (42) has been assigned the name ZJp-37 (Dr. D. Doolittle, The Jackson Laboratory, personal communication).
Distribution of Zfp-37 expression
To determine the pattern of expression of ZJp-37, total RNA from a panel of adult tissues was analyzed by Northern blot hybridization using Z91.0 as probe. Zfp-37 transcripts were detected only in the testis (Fig. 4a) . This signal could be further resolved as transcripts of 2.3 kb and 2.6 kb (see Fig. 5b and 5c). No message was detected in brain, heart, lung, kidney, liver, spleen, small intestine, or ovary (Fig. 4a) nor in uterus or stomach (data not shown). Zfp-37expression was also examined by Northern blot hybridization analysis of RNA from midgestation embryos and placentae. Low levels of hybridization to a 4.0 kb mRNA were observed in all samples tested (Fig. 4b) , being more abundant in embryo than placenta RNA. This 4.0 kb band was occasionally observed in testis RNA as well (Fig. 4b) , but was never observed in any other adult tissue.
Localization of the cellular site of expression of Zfp-37 in the testis
The adult testis contains both somatic and germinal cells. The somatic cells, which include Sertoli, Leydig, and peritubular myoid cells, produce hormones and provide support for the developing germ cells. Germ cells in various stages of spermatogenesis, from spermatogonia to spermatozoa, constitute the majority of cells (>90%) in the adult testis. To determine whether Zfp-37 was expressed in the somatic, germinal, or in both cell types, RNA was isolated from testes of germ cell deficient mutant mouse strains. The testes of adult mice homozygous for mutations at the W {white spotting) or at (atrichosis) locus are essentially devoid of germ cells yet contain the full array of somatic cell types. Heterozygous littermates contain the full complement of germ and somatic cells and are fertile (43, 44) . Northern blot hybridization analysis using Z91.0 as a probe detected expression only in RNA isolated from the testes of heterozygous (W/+) or (at/+) mice (Fig. 5a ), indicating that the 2.3 kb and 2.6 kb transcripts were limited to testes containing germ cells. Zfp-37 is therefore likely expressed only in germ cells.
Testes that are enriched for pre-meiotic, meiotic, and postmeiotic germ cells can be obtained from mice at specific stages of post-natal development (45) . From birth until d7 p.n. development, the testes of mice contain somatic cells and mitotically dividing spermatogonia. Testes of mice at dl7 p.n. contain all the somatic cell types, spermatogonia, and meiotic spermatocytes. The testes of adult mice contain post-meiotic spermatids and spermatozoa as well as spermatocytes, spermatogonia, and somatic cells. RNA was prepared from testes obtained from d7 p.n., dl7 p.n., and adult mice and analyzed by Northern blot hybridization with antisense riboprobe transcribed from pZ91.0 (Fig. 5b) . Transcripts of 2.3 kb and 2.6 kb were observed only in the sample from adult testis, indicating that these mRNAs were expressed post-meiotically, and not in spermatogonia or spermatocytes.
To determine in which post-meiotic germ cell types Zfp-37 is expressed and whether the 2.3 kb and 2.6 kb transcripts exhibit a differential distribution in spermiogenic cells, RNA was prepared from pooled fractions of enriched populations of meiotic prophase spermatocytes (predominantly of the pachytene stage), early (round) spermatids, and cytoplasmic fragments and residual bodies. Cytoplasmic fragments arise as mechanically sheared cytoplasm from the late (elongating) spermatids. Together with the residual bodies, cytoplasmic fragments represent the cytoplasm from late spermatids (30) . Northern blot hybridization analysis using antisense riboprobe transcribed from pZ91.0 (Fig. 5c ) revealed that both the 2.3 kb and 2.6 kb transcripts were present in all samples, but most abundantly in the round spermatid fraction. Furthermore, each transcript appeared to be of the same relative abundance from sample to sample. In these experiments, the fractions pooled as pachytene spermatocytes contained up to 20% contaminating spermatid syncitia; more typically, this procedure yields fractions with approximately 5% contaminating cells (30) . This contamination likely accounted for the presence of ZJp-3 7 transcripts in the pachytene spermatocyte fraction.
In situ hybridization analysis confirmed the localization of ZJp-3 7 expression to spermatids. Hybridization signal was most intense over the post-meiotic round spermatids, and elongating spermatids (Fig. 6a, and b) . The abundant expression of ZJp-37 in the round spermatids and elongating spermatids is visualized in the higher magnification photomicrographs (Fig. 6c and 6d ).
The larger cells that occupy the majority of the tubule in Figure 6d are pachytene spermatocytes. These cells and the spermatogonia, located in the basal region of the seminiferous epithelium ( Fig. 6a-d) , did not exhibit signal above background. Hybridization with sense riboprobe transcribed from linearized pZ91.0 (Fig. 60 displayed no specific labeling. These results confirm the Northern blot hybridization analysis of RNA isolated from testes from d7 p.n., dl7 p.n., and adult mice, and suggested that the hybridization signal detected by Northern analysis in the pachytene spermatocyte fraction (Fig. 5c ) was indeed due to the contaminating early spermatid syncitia. No signal above background was observed over the somatic cells or within the germ cell deficient tubules in sections of at I at testis (Fig 6e) .
DISCUSSION
We have isolated four clones from adult mouse testis cDNA libraries that represent the murine zinc finger encoding gene designated Zfp-37. Clone XB211 contains an ATG within a sequence that is favorable to translation initiation in vertebrates Figure 6 . In Situ Hybridization Analysis of Testicular Sections, a) bright field and b) epiluminesence optics photomicrographs of histological sections of W/+ testis using •"S labeled antisense riboprobe from pZ91.0. 65 x magnification, c) and d) epiluminesence optics photomicrographs of W/+ testis using labeled antisense riboprobe from pZ91.0. 160 x magnification, e) epiluminesence optics photomicrograph of at/at testis using labeled antisense riboprobe from pZ91.0. 200 x magnification. 0 epiluminesence optics photomicrograph of at/+ testis using labeled sense riboprobe from pZ91.0 (control). 125 xmagnification. sg=spermatogonia. ps•= pachytene spermatocytes, rs = round spermatids, es=elongating spermatids, mc=peritubular myoid cell, lc = Leydig cell, sc=Sertoli cell. (41) and in the same reading frame with sequence encoding 12 zinc fingers. These observations strongly support the possibility that the clone contained the entire open reading frame. Initial database searches with sequences upstream of the zinc fingers of XB211 did not reveal identity with known sequences, while the zinc finger encoding region showed as much as 65% homology with other zinc finger encoding genes.
The most abundant transcript detected by Northern analysis was the 2.6 kb species that was limited to the cells undergoing the complex morphogenetic changes of spermiogenesis. A second transcript of 2.3 kb was also observed in spermatids, at decreased but constant level relative to the 2.6 kb mRNA. Although it is possible that the size difference was due to changes in poly(A) tail length that has been associated with translation initiation and observed for other genes expressed in the germ cells (46; C.M.Viviano and D.J.Wolgemuth, in preparation) no change in relative abundance was observed between the 2.6 kb and 2.3 kb transcripts between early and late spermatids. It is also possible that the 2.3 kb, as well as the faint 4.0 kb, transcripts could arise as products of alternative processing, from alternative promoters of the same gene, or as the products of a gene or genes related to Zfp-37. We are in the process of isolating and characterizing genomic clones to make this determination.
The first 216 amino acids of the presumptive protein are 24% lysine and arginine residues with a predicted charge of (+22) (34) . The amino terminus is also serine/threonine rich (21 %) and may be phosphorylated, since many of these residues are present within consensus peptide sequences for several kinases (47) , including a cyclic AMP-dependent protein kinase which has been shown to be active in germ cells (48) . A threonine residue at amino acid 200, immediately preceding the zinc fingers, is within a consensus sequence for phosphorylation by cdc2 (S/T-X-P-R/K) (49, 50) .
The remainder of the protein consists of 12 zinc fingers of the C 2 H 2 type in a tandem array. A consensus peptide sequence for mouse C2H2 zinc fingers was dervived by comparing peptide sequences from individual and consensus zinc fingers presented for a number of these genes (13, 14, 27, 28, 51) (Fig. 3) . The zinc fingers of ZFP-37 showed good agreement with this consensus sequence (Fig. 3) . It is interesting to note that the ZFP-37 putative zinc fingers displayed the most variability at positions which make specific base contacts in the major groove of the target DNA (10, 11) . After this domain is a very short carboxy terminus in which 6 of the 9 amino acids are acidic residues.
The presumptive protein product of Zfp-3 7 contains zinc fingers and is thus a member of a class of proteins capable of binding specific DNA sequences and regulating gene expression. It will be interesting to determine and characterize the genomic target, or targets, of ZFP-37 to elucidate the function of this particular zinc finger gene. Identification of target genes will also permit us to test an hypothesis that has been proposed for predicting zinc finger DNA binding sites (52) . A predicted DNA binding site was formulated according to the rules suggested by Klevit (52) , and the sequence (GNNAGNGNNGAANNNNNGGGN-GNNANAAGNNANANG) was used to search the GenBank and EMBL databases. No homology was detected, but relatively few of the sequences in the databases represent genomic as opposed to cDNA sequences. Also, the DNA sequence of the native binding site, even if it agrees closely with the predicted site, may be discontinuous, as appears to be the case for TFTTIA (52, 53) . This could render a simple homology search inconclusive.
The distribution of the transcripts of Zfp-37 is consistent with its product being involved in the events of spermiogenesis. During spermiogenesis the cell undergoes a number of complex structural changes. The morphology of the round spermatid changes dramatically: head and flagellar structures are formed, the histories are replaced by protamines, the nucleus condenses, the majority of the cytoplasm is sloughed off and the cell becomes transcriptionally and translationally inactive. The identification of Zfp-37 provides an additional candidate in the genetic hierarchy governing this complex developmental pathway, and gives us a tool to resolve other steps in the process.
